Background: Horizontal transfer (HT) of transposable elements (TEs) into a new genome is considered as an important force to drive genome variation and biological innovation. However, most of the HT of DNA transposons previously described occurred between closely related species or insects.
Background
DNA-mediated or class 2 transposons were one class of transposable elements (TEs). Most DNA transposons transpose via a 'cut and paste' mechanism implemented by transposases. They were generally characterized by terminal inverted repeats (TIRs) and target site duplication (TSD) [1] . Based on their transposases, DNA transposons could be classified into 19 superfamilies, including Tc1/mariner, hAT, PiggyBac, CACTA, MuDR, Merlin, Transib, P, PIF/Harbinger, Mirage, Zator, Ginger, Kolobok, Chapaev, Novosib, Rehavkus, PHIS, Sola, and Academ [2, 3] .
Although the possibility of stochastic loss suggests that TEs should be a seemingly inevitable vertical extinction in their original host genomes, TEs are widespread in organisms [1, [4] [5] [6] . Horizontal transfer (HT) is a process of genetic material exchanging among non-mating species or isolated species. HT of a transposon into a new genome allows the element to evade inevitable extinction, suggesting that HT plays important roles in the persistence of TEs [4] . In addition, HT of TEs into a new genome is also regarded as important forces to drive genome variation and biological innovation.
Generally, there are three criteria used to infer HT events: (1) high sequence similarity of TEs from divergent taxa, (2) incongruence between TE and host phylogeny, and (3) a patchy TE distribution within a group of taxa [7, 8] . The first documented example of HT of TEs was the P element of Drosophila [9] . More than 330 cases (188 cases for DNA transposons and 142 cases for RNA transposons) of eukaryote-to-eukaryote HT events of TEs were described so far [10] . However, no documented example of HT has been described for the CACTA superfamily of DNA transposons, which so far has extensively been studied in plants [6, 11] . In addition, most of HT of DNA transposons (122 out of 188) previously described occurred between closely related species or insects [10] .
In this study, we described four DNA transposons which were present in diverse invertebrate and vertebrate animals. The combination of high identity levels between TEs despite deep divergence times of their host taxa, patchy TE taxonomic distribution, and lower genetic distances for TEs than for host genes clearly demonstrated that they had horizontally transferred into their hosts.
Results

Distribution patterns of four DNA transposons
The twisted-wing parasite, Mengenilla moldrzyki, is the first sequenced species of Strepsiptera [12] . Nineteen seventy potential TEs of the twisted-wing parasite were downloaded from Dryad Digital Repository (http://datadryad.org/resource/doi:10.5061/dryad.ts058.2). The screening of the distribution of these transposons revealed that four of these 1970 TEs yielded highly significant (>87%) hits in many diverse species, not only in insects but also in freshwater planarian, hydrozoans, or bats (Table 1, Figures 1 and 2). These four DNA transposons formed the start pointing of this study. They were grouped into hAT, CACTA, and piggyBac superfamilies based on their similarities to known members of these superfamilies (Table 1) . Full-length or partial ancestral sequences in each species were reconstructed and compared to each other (Additional file 1: Table S1 ).
The first DNA transposon, called Buster1, was found in M. moldrzyki, Schmidtea mediterranea, Rhodnius prolixus, and Heliconius melpomene (Table 1 and Figure 2) . Except for H. melpomene, this element in other three species generated both autonomous and non-autonomous elements (including miniature inverted-repeat transposable elements (MITEs)). Multiple alignments of MITEs and its autonomous ancestors indicated that they originated by internal deletions from master elements. These results supported the hypothesis that MITEs borrowed the machinery of autonomous DNA transposons to transpose [1] . Insertion bias and phylogenetic analysis demonstrated that they belonged The taxonomic distribution of Buster1, Buster2, Spongebob, and Kenshin among species for which genome sequences are available.
Presence of these transposon families in each lineage are denoted by plus sign. Species divergence is taken from previous literatures [14] [15] [16] [17] .
to one member of the Buster family of the hAT superfamily ( Figures 3A and 4A ). Structure analysis indicated that the subterminal regions of the elements contain TGGGTCGCG tandem repeats. Generally, short repeats in subterminal regions have been used to distinguish different hAT transposons [18] . Thus, Buster1 might represent a novel member of the Buster family. Moreover, the repetitive motif identified in Buster1 might have important structural or functional roles during their transposition [19] . These elements identified in these hosts which diverged more than 300 million years ago (Mya) [14] revealed high nucleotide sequence identity (>87%) over almost the full length ( Figure 1A ), suggesting that these elements were derived from the same active ancestral element. Buster1 was found in low copy number (<50) in most species, except for the freshwater planarian Schmidtea mediterranea (Buster1_NA1_SM) where this element was found more than 250 copies ( Table 1) . The average sequence divergence between Buster1_NA1_SM copies and its consensus sequence was only 1.45%, indicating that this element might have experienced a burst transposition very recently in the freshwater planarian. The second DNA transposon, called Buster2, was found not only in invertebrates (M. moldrzyki and R. prolixus) but also in one vertebrate (the evening bat Nycticeius humeralis) ( Table 1 and Figure 2 ). They have proliferated via amplification of non-autonomous elements in these species. Furthermore, one non-autonomous element was identified in the twisted-wing parasite and triatomine bug, and two non-autonomous elements were identified in the evening bat (Table 1 ). The successful amplification of these non-autonomous elements was surprising because autonomous partners responsible for their transposition were not found in these species. It is possible that its transposition was catalyzed by different but related autonomous elements of their ancient masters, which was known as cross-mobilization [22] . An alternative explanation is that autonomous elements could have remained polymorphic for a long time in the host population without augmenting its copy number and have been lost through allele sorting. It could also be that the autonomous Buster2 elements might reside in their host genomes but were not found in this study as a result of incomplete genome sequences. Insertion bias analysis indicated that Buster2 was also a member of the Buster family ( Figure 3B ). Similar to Buster1, Buster2 elements were flanked by TGCGGCTC tandem repeats. Because Buster2 elements identified in these species were nonautonomous, we further investigated the similarities of their terminal regions with reported Buster elements. Multiple alignments showed that the terminal region of Buster2 shared high sequence similarities with those of Figure 4 Phylogenetic trees of Buster1 (A) and Kenshin (B). Buster1 and Kenshin identified in this study were shown in red. Representatives of transposons of the hAT superfamily were obtained from previous studies [20, 21] . Representatives of piggyBac transposons were downloaded from Repbase [2] . Bootstrap value <50% was not shown.
the Buster elements ( Figure 5 ), which further demonstrated that it was a Buster transposon. Interestingly, similarities of all Buster elements were not restricted to their terminal inverted repeats (TIRs) but also extended to about 106 bp of their terminal regions. This also showed that their 5′ terminal regions were more conserved than 3′ terminal regions. These results suggested that these conservative sites in their terminal regions might play important roles during the process of their transposition. This is also consistent with the fact that the Buster family might experience a recent burst of amplification based on the phylogeny of their transposases [20] .
The third DNA transposon, called Spongebob, was found in insects (M. moldrzyki, R. prolixus, and Bombyx mori) and hydrozoans (Hydra magnipapillata). Only partial consensus sequences of Spongebob could be reconstructed for insects (Table 1 and Figure 1C ). In the hydrozoans, Spongebob was present in multiple fulllength copies (>50), which allowed the reconstruction of a consensus sequence of 5,836 in length. However, it is difficult for us to find the exact transposase encoding by Spongebob_ HMa due to stop codons or frameshifts. The first three bases in the TIRs of Spongebob_ HMa were CCC, and their copies were flanked by 2 bp target site duplication (TSD) (Additional file 2: Figure S1 ), suggesting that it was a member of TRC elements of the CACTA (also called En/Spm) superfamily of DNA transposons [23] . A pairwise comparison of Spongebob consensus sequences from the above four species revealed that the elements were more than 89.7% identical over about 430 bp ( Figure 1C ), suggesting that they should belong to the same family.
The last DNA transposon named as Kenshin was shared by the twisted-wing parasite, alfalfa leafcutting bee Megachile rotundata and bat Myotis davidii (Table 1 and Figure 2 ). We found one copy of Kenshin in the twisted-wing parasite and alfalfa leafcutting bee, which had an intact open reading frame (ORF) encoded a 584-and 581-amino acid (aa) long transposase, respectively. This suggests that the element had an ability of transposition in both species. This element might be also responsible for the amplification of non-autonomous elements in these species. We identified one nonautonomous element in the alfalfa leafcutting bee and two non-autonomous elements in the bat (Table 1) . These non-autonomous elements had experienced successful amplification and largely outnumbered their autonomous masters (Table 1) . One explanation might be that nonautonomous elements could avoid defense system of their hosts as a result of short sequence length [1] . Kenshin elements identified in these species were very similar to each other and diverged by 5.0%-11.1% ( Figure 1D ). Phylogenetic analysis based on transposases of autonomous elements demonstrated that it was a member of the piggyBac superfamily ( Figure 4B ).
Evidence for repeated horizontal transfers
Four DNA transposons described here showed extremely high identities (>87%) over the full length at the nucleotide level despite their hosts diverged more than 300 Mya (Figures 1 and 2, respectively) . This provided us with convincing evidence to support that these transposons had repeatedly invaded into these species by HTs. However, we should note that these results might result from other evolutionary processes, such as purifying selection acting on transposons or variable rates of the evolution of transposons [24, 25] . Therefore, making HT conclusion of these transposons should be cautious.
To obtain more evidence for HTs of these transposons, we investigated the phylogenetic distribution of these transposons. The results indicated that they were discontinuous distribution in species (Table 1 and Figure 2 ). For example, both Buster2 and Kenshin were only present in two invertebrates and one vertebrate, and they were not identified in all other vertebrate and invertebrate species for which a complete or nearly complete genome is available in the National Center for Biotechnology Information (NCBI) database (>102) [26] . Similar patterns were also observed for Buster1 and Spongebob (Figure 2) .
Additionally, in many cases, the sequence identities of these four DNA transposons were extremely high compared with the divergence time of their hosts. For example, there was more than 87% between Buster2 in the insects and the freshwater planarian, which diverged more than 792 Mya [14] (Figures 1 and 2) . Similarly, Buster2 and Kenshin identified in the insects and mammals, which shared the last common ancestor about 782 Mya [14] , showed more than 89% identities. Besides, we also Figure 5 Multiple alignments of Buster2 identified in this study and previously reported [20] , showing portions of the highly conserved 5′ and 3′ termini. Numbers indicated their alignment positions.
found that Spongebob in the insects and hydrozoans shared high sequence identities (>89%) at the nucleotide level.
We also observed that phylogenies for Buster1 and Buster2 showed a striking lack of structure. For example, phylogenetic analysis based on transposases of Buster1 showed that this element identified in the twisted-wing parasite was much closer to the freshwater planarian than to another insect, the triatomine bug ( Figure 4A) . Besides, an unrooted tree based on copies of Buster2 suggested that Buster2 elements in the triatomine bug and evening bat were much closer with each other compared with that in the twisted-wing parasite (Additional file 3: Figure S2 ). All these results were not consistent with vertical inheritance of these transposons.
Finally, our results showed that the nucleotide sequence divergence among four DNA transposons (about 1.5%-13%) was much lower than that observed for three conserved host nuclear genes (about 22%-30%), heat shock cognate 70, Tubulin beta-3, and elongation factor 1 alpha, which were described in our previous study [27] . Therefore, HTs of these transposons might be the only logical explanation for high sequence identities among these transposons in distantly related species.
Discussion
Here, we performed a detailed analysis of characteristics and evolutionary history of four DNA transposons in diverse species. The combination of high identity levels between TEs despite deep divergence times of their host taxa, patchy TE taxonomic distribution, and lower genetic distances for TEs than for host genes clearly demonstrated that these elements had transferred into these species by independent HTs. We also noted that the phenomenon of HT of Buster1 had previously been reported [13] . However, the detail information about this transposon remains unknown. In this study, both non-autonomous elements and its autonomous partners were found in the twisted-wing parasite, triatomine bug, and freshwater planarian (Table 1) , which would provides us with a better understanding for the evolutionary history of Buster1. In addition, structural and phylogenetic analyses showed that Buster1 was a novel member of the Buster family.
Although the distribution of these four DNA transposons in species was patchy, their transfer did not randomly happen since the same species have been independently invaded by different, unrelated TEs but others appear to be immune to HT (Figure 2 ). For example, three transposons are present in the twisted-wing parasite and triatomine bug, but they are not found in other insects (>30) for which genomic sequences are available. This pattern implies that some taxa might be prone to exchanging of genetic materials or are more hospitable to TEs than others. It is reasonable that species which are vulnerable to HT have a weakened response to TE invasion, which would lead them to lose control of the amplification of the new invader. However, species with a strong resistance would not allow the TEs to amplify in the genome. Similar phenomena have been observed in vertebrates [28] .
DNA transposons exist in a wide variety of organisms. However, it was believed that DNA transposons existing in mammals were fossils, and they did not have any ability for mobility in the last 40 Mya [29] [30] [31] . This situation has changed when recent DNA transposon activity was discovered in the bats [32] [33] [34] . Here, the low average divergence (2.16%-4.81%) between copies of Buster2 and Kenshin and their consensus sequences in the bats strongly suggested that they had been inserted recently (Table 1) . Besides, Buster2 and Kenshin were apparently absent from all other mammals (>80) including other seven closely related bats (Figure 2 ), for which genome sequences are available. Interestingly, Kenshin is only present in the genome of the bat M. davidii but is not in the other three Myotis genomes sequenced, suggesting that it might be mobilized within the last 10 Mya [15] . These results also implied that bats had continuously acquired new DNA elements via HT. Interestingly, bats belonging to Vespertilionidae family that were the only mammals reported to have recent DNA transposon activity [32] [33] [34] . Meanwhile, many of DNA transposons were also horizontally transferred into their hosts [28, 35] . However, we should note that HT provides a delivery system for the re-colonization of TEs of genomes and we cannot exclude that DNA transposons might be active in many mammals for which genomes are not sequenced.
Four DNA transposons were found in a wide range of organisms including insects, freshwater planarian, hydrozoans, and bats, suggesting that multiple mechanisms might be involved in their HTs. One interesting finding is the identification of these elements to be present and transferred between insects and bats. The evening bats feed heavily on beetles (Coleoptera), but they also eat moths (Lepidoptera), small flies (Diptera), and other insects [36] . This suggested that predation on a large quantity of insects might increase bat exposure to HT. Another interesting finding is the identification of near identical DNA transposons in insects and the twistedwing parasite. M. moldrzyki is a species of Strepsiptera (Mengenillidae), which infects at least 35 families of insects belonging to seven orders [37] . During the process of parasitism, these parasites obtained nutrients from their hosts [38] . Therefore, parasite-host interaction might facilitate exchanging of their genetic materials.
Conclusions
In this study, we provided the first documented example of HT of CACTA transposons. Our results demonstrated that bats had continuously acquired new DNA elements via HT. This implies that predation on a large quantity of insects might increase bat exposure to HT. In addition, parasite-host interaction might facilitate exchanging of their genetic materials.
Methods
Data resources
The silkworm (Bombyx mori) assembled genomic sequences were downloaded from Silkworm Genome Database [39] (http://www.silkdb.org/silkdb/). The triatomine bug, Rhodnius prolixus, genomic supercontig sequences were downloaded from VectorBase [40] (https:// www.vectorbase.org/). Survey sequences from the genomes of five bats (Myotis austroriparius, Lasiurus borealis, Corynorhinus rafinesquii, Perimyotis subflavus, and Nycticeius humeralis) were downloaded from Dryad Digital Repository [41] (http://datadryad.org/). The postman butterfly (Heliconius melpomene) genomic sequences were downloaded from Butterfly Genome Database [42] (http://www.butterflygenome.org/). All of the rest of the genome sequences used in this study were downloaded from the National Center for Biotechnology Information.
Identification of four DNA transposons in Mengenilla moldrzyki and other surveyed genomes
Four DNA transposons were identified from the genome of the twisted-wing parasite, M. moldrzyki, and they were designated as Buster1, Buster2, Spongebob, and Kenshin, respectively. Their consensus sequences were reconstructed using the software DAMBE [43] . Then, their consensus sequences were used as queries to search against Repbase [2] (http://www.girinst.org/) to classify them into known superfamilies. To identify related elements in other species, Blastn [44] searches were performed using nucleotide sequences of the above four DNA transposons query against all GenBank databases and Repbase. Significant hits (>85%) were collected and aligned. Their consensus sequences were also reconstructed and compared among species.
Next, we used these respective consensus sequences to mask each genome to estimate copy number. If one autonomous element and its derivatives coexisted in many studied species genomes (Table 1) , their copy numbers were calculated using the following criteria. Fragments that were longer than 600 bp were calculated as copies of autonomous elements as miniature invertedrepeat transposable elements are generally shorter than 600 bp [1] . For MITEs or other non-autonomous elements, all fragments with more than 80% identity and coverage to their consensus sequences were calculated as their copies. Meanwhile, fragments were considered to be a single insertion when they were separated by less than 50 bp. If only one autonomous or non-autonomous element was present in one species, all blast hits with more than 100 bp and 80% identity were used to calculate copy number [26] .
Sequence analysis
ORF of transposons used in this study was predicted using getorf in EMBOSS-6.3.1 package [45] . These elements were aligned using MUSCLE [46] . Shading and minor manual refinements of multiple alignments were deduced using Genedoc [47] and Illustrator CS5. Then, we used the software Bioedit [48] to calculate each pairwise identity of their consensus sequences after all ambiguous and gapped sites were removed. Sequence logos of Buster1_NA1_SM and Buster2_NA2_NH were created by WebLogo [49] using 30 bp (15 upstream and 15 downstream) flanking their insertion sites.
To determine the relationship of Buster1 and Kenshin with known DNA transposons, transposase sequences of the hAT and piggybac superfamilies were downloaded from GeneBank and Repbase. Phylogenies were performed with the neighbor-joining method (NJ) using MEGA 4 [50] (pairwise deletion, Poisson correction model, 1,000 bootstrap replicates) based on their transposase sequences. Besides, we also investigated the relationship of Buster2 from different species. MEGA 4 [50] (pairwise deletion, maximum composite likelihood, 1,000 bootstrap replicates) was used to build phylogenetic trees based on nucleotide sequences of their full-length or nearly full-length copies.
